ABSTRACT 5'-Noncoding sequences have been tabulated for 211 messenger RNAs from higher eukaryotic cells. The 5'-proximal AUG triplet serves as the initiator codon in 95% of the mRNAs examined. The most conspicuous conserved feature is the presence of a purine (most often A) three nucleotides upstream from the AUG initiator codon; only 6 of the mRNAs in the survey have a pyrimidine in that position. There is a predominance of C in positions -1, -2, -4 and -5, just upstream from the initiator codon. The sequence CC A CCAUG(G) thus emerges as a consensus sequence for eukaryotic initiation sites. ^The extent to which the ribosome binding site in a given mRNA matches the -1 to -5 consensus sequence varies: more than half of the mRNAs in the tabulation have 3 or 4 nucleotides in common with the CCACC consensus, but only ten mRNAs conform perfectly.
INTRODUCTION
Two years ago I prepared a compilation of the then-available 5'-noncoding sequences of eukaryotic mRNAs (Curr. Topics Microbiol. Immunol. 93, 1981 ).
Apart from a bevy of globin and histone mRNAs, only 32 other cellular mRNA sequences were known at that time. In contrast, there are 166 cellular mRNAs in the present compilation, not counting the globins and histones. I have excluded the mRNAs of lower eukaryotes and viruses, only to keep the survey manageable.
One of mv objectives was to determine whether certain patterns noted in the earlier compilation would be evident with this larger, more diversified set of sequences.
A few points about the selection and presentation of the sequences require explanation. In cases where numerous representatives of a gene family have been sequenced, I have omitted many and chosen those in which the leader sequences show the most divergence. There are exceptions, however. It seemed useful to include certain pairs of mRNAs in which the leader sequences show extensive homology except near the AUG initiator codon (e.g. human versus rat preproinsulin).
The opposite pattern is also provocative; i.e., sequence conservation only near the AUG codon, as in human versus rat immunoglobulin E. Upon inspecting the completed compilation, only two families of mRNAs appeared to be excessively in which the 5'-terminus of the mRNA has been mapped. (e) Presence in the genomic DNA sequence of an appropriately-positioned TATA box, 25-to 30-nucleotides upstream from the presumptive cap site. In the absence of other supporting data this criterion is rather weak.
The following criteria, identified by code letters in the rightmost column of the table, were used to identify the AUG initiator codon in each message:
(a) The nucleotide sequence corresponds to the known N-terminal amino acid sequence of the primary translation product. In some cases amino acid and nucleotide sequence data were derived from two different but related organisms. (b) The N-terminal amino acid sequence has been determined only for the mature protein, which is known (or presumed) to derive from a precursor that carries an N-terminal extension (the "signal peptide") of 15 to 30 amino acids. The indicated AUG triplet is the only candidate initiation site compatible with the synthesis of such a precursor. (c) The nucleotide sequence has a single open reading frame which either corresponds in size to the known molecular weight of the encoded protein, or includes peptides that are known to be present in the mature protein. frame, but the exact size of the primary translation product is not available for comparison. This criterion is rather weak. (e) The initiation site was deduced from sequence homology with the corresponding gene from a closely-related species in which the start site has been defined. (f) Under conditions that allow formation of initiation complexes in vitro, the indicated AUG triplet was protected by ribosomes against nuclease digestion.
In 13 of the mRNAs in the table the functional initiator codon has not been definitively identified; the structure of the encoded protein is compatible with initiation at either of two nearby AUG triplets. In such cases I have predicted which AUG is most likely to be the (major) initiation site. Those entries are marked with an asterisk in the rightmost column. The AUG initiator codon was predicted based on position (i.e., proximity to the 5'-end of the mRNA) and conformity to (i) The length of the 5'-noncoding region varies widely-from 3 to 572 nucleotides. However, 70% of the leader sequences are clustered in the 20-to 80-nucleotide range, as shown in Figure 1 . The unusually long leader sequences occur on unusually interesting mRNAs (epidermal growth factor, oncogenes, heat shock proteins), inviting speculation that the structure of the 5'-noncoding region participates in the regulated expression of those genes.
(ii) Translation begins at the 5'-proximal AUG triplet in 95% of the mRNAs tabulated herein. There are only ten mRNAs listed in which one or more AUG triplets occur upstream from the recognized initiation site. [1191.
[456].
[73]..
[103].
[71]..
[80].. [188].
[123].
[96].. . •^The number assigned here to each mRNA is used again to identify the corresponding references in the bibliography. 2 The table shows the sequence of the plus strand of DNA, from which the sequence of mRNA can be derived by substituting U for T. All ATG triplets are shown in italics. The sequences are aligned by using the ATG triplet that is known (see footnote 4) or predicted (see text) to be the functional initiator codon. The positions of introns are indicated by a diagonal line. For mRNAs in which the 5'-noncoding sequence exceeds 56 nucleotides, I have shown only the portion nearest the ATG triplet. The number in brackets preceding the sequence indicates the (approximate) full length of the 5'-noncoding sequence, not counting the m 7 G cap or the ATG triplet. There is likely to be a 2-to 4-nucleotide uncertainty when SI nuclease was used to map the cap site. In cases where cDNA clones were analyzed, the 5'-noncoding sequence may be a little longer than indicated. If the missing portion of the leader is suspected to be more than a few nucleotides, no figure is given for the overall length of the 5 l -noncoding region.
-*The criteria (a-e) used to identify the 5'-terminus of each mRNA are summarized in the text. 4 The criteria (a-f) used to identify the ATG initiator codon are summarized in the text. An asterisk in this column means that the ATG triplet used to align the mRNA is predicted, but is not known to be the functional initiator codon. I have also marked in this column those mRNAs that have ATG triplets upstream from the functional initiation site 
